Objective. Numerous studies have demonstrated cerebellar activity during implicit motor learning, but few have addressed its specific role. The purpose of this study was to determine if specific components (spatial or temporal) of an implicit motor-tracking task were affected by cerebellar stroke. Methods. The authors studied the performance of individuals with unilateral cerebellar stroke (n = 7) and a control group (n = 10) across 3 acquisition days and at a delayed retention test as they practiced a unimanual tracking task with the contralesional upper extremity. Results. After cerebellar stroke, participants demonstrated reduced tracking errors for repeating sequences compared to random sequences; however, decomposition of tracking performance into temporal and spatial components revealed persistent deficits in tracking time lag despite improved spatial accuracy. A lesion analysis showed that the dentate nucleus was the only common region affected by all cerebellar strokes. Conclusions. During implicit motor learning, the cerebellum appears to participate in the formation of predictive strategies for the timing of motor responses, rather than for the accuracy of motor execution. Because deficits were found in the contralesional upper extremity, the authors suggest that this function is not lateralized to 1 hemisphere; cerebellar output may affect the formation of an internal model for timing movements in both upper extremities.
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T he ability to learn new motor skills throughout life is an essential facet of human behavior. A growing body of research shows that such learning is supported by 2 functionally and neuroanatomically separate memory systems. Explicit memories are encoded as facts or events, may form with as little as a single exposure, are available to conscious recollection, and are distinctly supported by regions within the medial temporal lobe. [1] [2] [3] In contrast, implicit memories underpin skill acquisition and are characterized by slow development with practice and inaccessibility to conscious recall. 4, 5 Unlike the explicit system, implicit memories are formed and mediated by a dispersed network of neuroanatomic structures; in fact, no single, focal lesion completely abolishes implicit motor learning, although many may severely disrupt this process. Because of its distributed nature, research investigating implicit learning has largely centered on 2 questions. What are the key members of this neural network, and what are the unique contributions of each region to implicit motor learning?
Because damage to the cerebellum impairs skill acquisition, [6] [7] [8] [9] it is considered to be a member of the neural network supporting implicit motor learning. Converging evidence for this view comes from neuroimaging data that commonly demonstrate cerebellar activity during skill practice. [10] [11] [12] Much of this work has used the serial reaction time (SRT) task, [6] [7] [8] [9] in which participants practice a repeated sequence of keypresses but are unaware of repetition in their responses. 2 Deficient SRT task learning (as indexed by slowed response times and poor key-press accuracy) following damage to the cerebellum has solidified the conclusion that the cerebellum is important for implicit motor learning. One limitation of these studies is that they have done little to explain the particular role of the cerebellum in implicit motor learning. We sought to extend previous work by investigating which specific components of an implicit motor learning task were affected by cerebellar stroke.
The many putative functions of the cerebellum make identifying its role during implicit motor learning particularly challenging. Some have postulated a cerebellar role in timing of motor sequences. 13, 14 Others have demonstrated cerebellar contributions to well-learned or automatic skill performance by showing that damage results in deficits in long-term motor skill retention 15 and dual motor task performance. 15, 16 Several lines of research suggest that the cerebellum may be essential for the development of automatic responses. Following damage to the lateral cerebellar hemispheres, monkeys demonstrate a preserved ability to execute previously learned movement sequences but cannot ever gain similar levels of proficiency for new sequences. 17, 18 Human cerebellar patients demonstrate similar deficits 15, 16 and, despite extended practice, never show automation of learned movements. 15 These data fit nicely into hypotheses that the cerebellum is integral for the formation of internal models for movement. 19 However, the specific movement components stored within internal models are unknown.
Determination of how the cerebellum contributes to implicit motor learning necessitates a new analytic approach, designed to disentangle specific behaviors. We sought such a novel method and chose an implicit continuous tracking task (CT) that allowed separate analysis of overall movement error, spatial accuracy, and temporal precision across practice and at a retention test. 20 The purpose of our study was to determine if particular elements (spatial accuracy or temporal precision) of an implicitly learned motor-tracking task were affected by cerebellar stroke. Based on previous work, 6, 8 we hypothesized that cerebellar patients would demonstrate some implicit motor learning, but not to the same degree as healthy control participants. To examine possible cerebellar roles during implicit motor learning, we decomposed participants' tracking performance into its spatial and temporal components. We expected to find a deficit in spatial tracking if the cerebellum participates in learning spatial relationships, and deficient temporal tracking if it regulates temporal accuracy.
Few investigations examining the cerebellar contributions to implicit motor learning have studied individuals with local cerebellar damage (for exceptions, see ref nos. 6 and 9) . This is problema t i c b e c a u s e t h e c e r e b e l l u m i s h i g h l y interconnected with distant neural regions, [21] [22] [23] [24] raising the possibility that degenerative diseases might have widespread effects on function. Although this was a secondary aim, we chose to examine individuals with stroke-related cerebellar damage rather than degenerative diseases to avoid the effects of extra-cerebellar damage. Inherently difficult in a stroke model is the necessity of disentangling motor execution impairments associated with the affected hemibody from deficient motor learning. Requiring individuals with cerebellar stroke to use the more involved, ipsilesional upper extremity for task practice is problematic; differences between stroke and control groups might be inflated by impaired motor execution, which in turn could mask motor learning. Furthermore, severely affected individuals, with poor motor ability, would be unable to perform our tracking task and be excluded from this study. We avoided these problems by requiring individuals with cerebellar stroke to practice our implicit motor learning task using the contralesional upper extremity.
METHOD

Participants
Seven individuals who were at least 6 months poststroke confined to the cerebellum (CB) and 10 age-matched volunteers without any brain damage (HC) were recruited. To ensure homogeneity between groups, all participants were right-hand dominant (determined by participant self-report) and did not present with any evidence of dementia (score of at least 26 on the Mini-Mental State exam [MMSE]). Participants were excluded if they had acute medical conditions, uncorrected vision loss, previous history of psychiatric admission, or multiple strokes. Individuals with stroke were recruited from the University of Southern California Healthcare Consultation Center, Rancho Los Amigos National Rehabilitation Center, and the South Bay Stroke support group. Individuals in the HC group were recruited from the local community. All participants signed an approved institutional informed consent form as well as a medical records release form prior to testing. There were no significant differences in age, education, or MMSE scores between the groups (Table 1 ).
Lesion Location
Prior to inclusion in this study, an existing magnetic resonance image or computed tomography scan was obtained with written consent and used to confirm an isolated cerebellar stroke for each patient. To illustrate the extent of cerebellar damage, each lesion was reconstructed using MRIcro software. 28 Damaged regions were transformed onto a standard template. This method allowed lesion data from different individuals to be overlapped into group data. Because side of lesion was not a variable of interest, we normalized all lesions to one side (left) and then overlaid them to demonstrate lesion overlap ( Figure 1 ). None of the lesions extended beyond the cerebellum.
Task and Procedure
A lightweight lever was attached to a frictionless vertical axle, which was secured to a table and positioned parallel to the floor. To accommodate different arm lengths, the handle at the end was adjusted for each participant. A linear potentiometer was attached to the transducer at the base of the vertical axle, and the analog signal from this transducer was converted to digital by a National Instruments A/D board (shielded multifunction I/O board, #PCI-6024E, Austin, TX). This digital signal was then sampled at 200 Hz.
A target cursor (white X) moved from left to right across the screen (1.1 cm/s) and was visible on a black background (LabView software, National Instruments, Inc., Austin, TX). The task was to track the vertical path of the target with movements of the lever. Participants' lever movements appeared as a green open square. A trial was 30 s in duration-the time it took for the target cursor to move from left to right. Participants sat in front of the monitor with their arm resting on the lever. Individuals made arm motions from 0 to approximately 90 degrees of internal rotation, with the start position at 45 degrees ( Figure 2A ).
Unknown to the participants, the middle third of each tracking pattern was repeated and identical across practice, retention, and transfer. This pattern was constructed using the polynomial equation as described by Wulf and Schmidt 29 with the following general form: The middle (repeated) segment was constructed by using the same coefficients for every trial (b o = 2.0, a 1 = -4.0, b 1 = 3.0, a 2 = -4.9, b 2 = -3.6, a 3 = 3.9, b 3 = 4.5, a 4 = 0.0, b 4 = 1.0, a 5 = -3.8, b 5 = -0.5, a 6 = 1.0, and b 6 = 2.5). 29 The 1st and 3rd segments of the tracking pattern were generated randomly using coefficients ranging from 5.0 to -5.0. A different random sequence was used for both the 1st and 3rd segments for every trial. uniformity between subjects, the same random tracking patterns were practiced by all of the participants. To make certain that smooth transitions existed between the 3 segments of each tracking pattern, the end of segment 1 (first 3rd) and the beginning of segment 3 (last 3rd) were adjusted vertically by the software so they connected the ends of the repeated segment. Every waveform was visually screened prior to testing to ensure smooth transitions across the 3 segments (see Figure 2B for sample target waveforms). In each 3rd of the tracking pattern, there were 10 separate reversals in the direction of internal or external shoulder rotation. Unlike the waveforms displayed in Figure 2B , the trajectories of the target and participants' movements did not leave a trail. Thus, participants were unable to visualize the target pattern or visual feedback from their movements. Participants practiced 50 trials (5 blocks, 10 trials/block) per day under identical conditions. This procedure was repeated for 3 days (150 trials total) to ensure adequate acquisition practice. 30 To better separate performance effects from more permanent changes in behavior associated with learning, a retention test consisting of 1 block of continuous tracking was given on a separate 4th day. Instructions to track "as accurately as possible" were given daily. For all tracking trials, the CB group used the arm contralateral to brain damage; the HC group was matched for arm use.
Outcome Measures
Motor performance was evaluated across practice and retention in 2 ways for the CT task. Root mean squared error (RMSE) reflects overall tracking errors in the kinematic pattern and is the average difference between the target pattern and movement trace produced by participants. a This score was calculated separately for random and the repeating segments on every tracking trial and was subsequently averaged by block (every 10 trials). Tracking errors from the 1st and last block of each day of practice and the retention test were used for analysis. Random tracking performance was characterized by the last block of random sequence performance on day 1. Initially we had also considered the effect of explicit information on tracking performance; however, we found no relevant differences in our outcome measures and therefore collapsed our data across this variable. Next, we decomposed movement traces into spatial and temporal elements to determine whether cerebellar damage differentially affected these 2 components of our tracking task. A time series analysis (TSA) was used to deconstruct tracking patterns into measures of spatial accuracy and the time lag between the kinematic patterns and the target. In the TSA, the tracking pattern from the repeated sequence of the trial was serially correlated with the target pattern (both 2000 data points) until a maximum correlation coefficient was achieved ( Figure 3 ). Correlation coefficients (R 2 ) reflect the spatial accuracy of tracking performance. The distance (number of samples) that tracking data were moved (or slid) along the target data array to achieve the maximum correlation coefficient represents the time lag of tracking. Thus, time lag of tracking was converted to milliseconds for data analysis (samples to achieve maximum r multiplied by 5 ms) and represents temporal distance from the target or temporal error.
Statistical Analyses
Mauchly's Test of Sphericity and the Van der Waerden method were used to assess, and where necessary correct for, the normalcy of distribution. Acquisition performance was assessed using a two factor, repeated measures Group (HC, CB) by Day (1, 2, 3) ANOVA using tracking error as the dependent measure. This analysis was repeated for each dependent measure (tracking error/ RMSE, spatial tracking accuracy, and time lag). Post hoc analyses (student t tests) were performed to determine the locus of significant interactions. Data from the retention test reflected implicit motor-sequence learning and were assessed 2 ways. First, a Group (HC, CB) by Sequence (Random, Repeated) ANOVA indexed implicit learning by determining whether the retention test repeating sequence tracking differed from random for each dependent variable. Second, a univariate ANOVA for each dependent measure (tracking error/RMSE, spatial accuracy, and time lag from the retention test data) determined if implicit motor learning of the CT task differed between the 2 groups.
RESULTS
Lesion Overlap
Lesion reconstruction and group overlay demonstrated 100% overlap in cerebellar Lobule VI corresponding to the dentate nucleus. 
Behavioral Data
Both groups demonstrated the ability to reduce overall tracking errors (RMSE) across acquisition practice (Day Effect F [5,75] = 19.96, P = 0.001; Figure 4) . Despite the fact that both HC and CB groups decreased tracking errors across practice, the CB group was less accurate than the HC group (Group by Day interaction F [5,75] = 20.14, P = 0.003). Post hoc testing revealed that the locus of this effect was the magnitude of errors made by the CB group on day 1 (P = 0.020) and that across days of practice the differences between CB and HC groups was eliminated (day 2 P = 0.123, day 3 P = 0.425) and not evident at the retention test when tracking error scores were compared across the groups (P = 0.281). Interestingly, when tracking errors from the retention test were compared to random sequence errors, significant differences were noted for both the CB (P = 0.000) and HC (P = 0.010) groups. The reduction in repeating sequence tracking errors made by the CB group demonstrates preserved implicit motor learning. Similarly, both groups were able to improve their spatial tracking accuracy with practice (Day Effect F [2,30] = 6.796, P = 0.004; Figure 5A ). Visual inspection of the data shows markedly poorer spa-tial tracking accuracy on day 1 for the CB group followed by rapid improvement on day 2, and nearly equivalent performance to the HC group on day 3. Both groups tracked accurately in space at the retention test and did not differ from one another (P = 0.136). Improved spatial tracking accuracy as compared to random sequence tracking was shown by both groups as well (CB P = 0.009, HC P = 0.004).
Time lag of tracking shows the temporal proximity of participants' movements to the target and reflects prediction. A Group by Day interaction (F [2,30] = 5.551, P = 0.032; Figure 5B ) showed that the CB group could not reduce time lag of tracking across acquisition practice. Inability to decrease tracking time lag for the CB group was confirmed at the retention test by no significant difference between repeated and random sequence time lag (P = 0.270). In fact, the CB group did not benefit from practice (repeated sequence time lag day 1 = 225 ms, day 3 = 213 ms) and did not show a difference between random and repeated sequences at retention (P = 0.791; day 4 repeated sequence retention test = 217 ms, random sequence = 223 ms). In contrast, the HC group showed continuous improvements in time lag (repeated sequence day 1 = 186 ms, day 3 = 143 ms) and a significant difference between repeated and random sequence performance at retention test (P = 0.009; day 4 repeated sequence = 126 ms, random sequence = 197 ms).
DISCUSSION
In the present study, we asked how the cerebellum contributes to implicit motor learning. We showed that after cerebellar stroke, participants were able to demonstrate improved overall tracking task performance as indexed by decreases in repeating sequence tracking errors (relative to random sequence performance) across days of acquisition practice. Furthermore, we noted that the reductions in overall tracking errors that occurred during acquisition performance were maintained at the retention test, indicating implicit motor learning. In fact, at retention there was no longer a difference in the magnitude of tracking errors between the CB and HC groups. This finding is consistent with previous work showing preserved implicit motor learning ability when individuals with cerebellar stroke used the contralesional hand for acquisition practice. 6 However, we discovered an inability to improve the time lag of tracking for the cerebellar stroke participants despite 3 days of practice. To our knowledge, this impaired motor timing for the contralesional upper extremity during implicit motor learning has not been explicitly reported before now.
Discussion of Methods
Previous work has established that the motor control of both upper extremities may be dis-rupted by unilateral stroke 25, 26 ; however, the conclusions of motor learning studies have been less consistent. Some have found motor learning deficits in both upper extremities, 27 whereas others have not. 6, 25 Gomez-Beldarrain et al. 6 discovered that after unilateral cerebellar stroke, implicit motor learning deficits (as indexed by failure to decrease reaction times on the SRT task) were noted when participants used the arm ipsilateral to stroke but not when participants practiced with the contralateral upper extremity. However, in Gomez-Beldarrain et al.'s study, cerebellar stroke participants always responded slower than control participants regardless of the arm used. Thus, it appears that unilateral cerebellar stroke may impact motor performance bilaterally. Taken together, these findings led us to ask whether cerebellar stroke would have an effect on motor learning of an implicit task (continuous tracking) when participants used their contralesional upper extremity, and if so, how.
Because our task allowed us to decompose movement into spatial and temporal components, we were able to assess with more precision which factor(s) contributed to improved tracking performance. We found that in the cerebellar group, decreased tracking error was largely attributed to more accurate spatial tracking with practice, rather than to improved temporal accuracy; normal controls showed gains in both components of tracking. In essence, by the retention test, cerebellar stroke participants were tracking accurately, but these movements were consistently offset in time.
Cerebellar Contributions to an Internal Model
Taken together, our data illustrate a cerebellar role in learning to predict the timing of implicit motor responses, but not the accuracy of motor execution. Others have postulated that one role of the cerebellum is in the development of internal models that detect discrepancies between predicted and actual sensory feedback resulting from movement. 32, 33 This contention is supported by the finding that cerebellar activity is largely absent when sensory feedback is unavailable during imagined movements but present when sequences of action are realized. 34, 35 Jueptner et al. using positron emission tomography (PET), reported increases in cerebellar activity when participants tracked an existing line, a condition that provides visual feedback regarding performance. 36 Figure 5 . A, A main effect of day showed that both groups improved tracking accuracy (P = .004). In addition, both groups were significantly more accurate during the retention test as compared to random tracking (HC P = .004; CB P = .009). B, A group by day interaction demonstrated different abilities to improve the time lag of tracking during acquisition practice (P = .032). At retention this finding was confirmed by the significant difference between the HC group's performance on repeated versus random sequences (P = .009). The CB group did not reduce their time lag of tracking (P = .270).
have found that altering the control parameters during visuomotor tracking produces unexpected discrepancies between predicted and actual movement and increases cerebellar activation. 37 Furthermore, Blakemore et al. used PET to demonstrate a relationship between the intensity of cerebellar activity and the magnitude of discrepancy between actual and predicted feedback. 38 Our finding of a failure to learn temporal patterns after cerebellar stroke supports hypotheses of a cerebellar role in the development of internal models of movement 19, 39 and suggests more specifically that such a model may contain information regarding motor timing.
Contralesional Contributions to Motor Learning
Our data show that cerebellar damage impaired participants' ability to form an internal model for the timing of tracking. Gains in spatial accuracy demonstrate improved ability to follow the target; however, better spatial accuracy largely reflects improved visuomotor reaction and is likely independent of the formation of an internal model. We considered whether deficient temporal tracking could be due to diminished attention, but gains in spatial tracking make this interpretation unlikely. Similarly, because our subjects practiced for 3 days, it is doubtful that insufficient practice explains the CB group's inability to improve tracking time lag. Thus, it appears that one consequence of cerebellar stroke was disruption of the formation of an internal model for predicting motor timing during continuous tracking.
Neuroanatomic Connectivity
One interesting detail of the present work is the use of the contralesional or less affected arm for implicit task practice. Functional MRI work by Ramnani et al. (2000) noted bilateral involvement of the cerebellum during another implicitly learned skill, unilateral eye blink conditioning. 40 In Ramnani et al.'s study, participants learned to predict the onset of eye blink trials. Interestingly, activity in the contralateral cerebellum was related to learning accurate event prediction, whereas ipsilateral cerebellar activations were associated with detecting errors, or violated predictions. Bilateral cerebellar involvement in accurate event prediction makes it likely that cerebellar stroke has a widespread impact on motor learning, regardless of which extremity is being used for task performance.
The cerebellum is ideally situated to coordinate the sensory information essential for guiding movement during implicit motor learning. 36, 41 Neuroanatomic connectivity confirms the receipt of information by the cerebellum from the dorsal visual system (area v5 and parietal area 7) and from layer V pyramidal cells via the pons, 42 each of which is considered important for guiding and executing movements. 43 Efferent outflow from the cerebellum impacts bilateral neocortex, initially reaching the contralateral thalamus where portions then r e-cross midline to ter minate ipsilaterally. 44 The precise functional relationships between cerebellar terminals in the thalamus and projections to other regions must still be clarified; however, transneuronal tracer studies demonstrate that output from the dentate nucleus is sent via the thalamus through separate, segregated channels to the motor areas of the cerebral cortex and prefrontal cortex (areas 9 and 46). 23, 24 Regions in the prefrontal cortex, specifically dorsal area 46, have previously been suggested as important for planning the timing and order of movements. 23, 45 Correspondingly, some degree of dentate damage was observed in all of our CB participants. This raises the possibility that altered dentate output affected the function of distant interconnected neural regions. Active during the acquisition and discrimination of sensory information during movement, 46 the dentate nucleus may be crucial for the integration of sensory feedback into the next in a series of movements.
Other lesion studies using animal models have noted failures to successfully predict the velocity of previously learned waveforms 46 and the onset of predictably timed stimuli. 18 In the current study, persistently deficient time lag of tracking indicates that after cerebellar stroke participants either failed to learn to predict the temporal structure of the repeating waveform or were unable to use their predictive capabilities to modify their motor output. We are unable to distinguish between these 2 possibilities in the present work; however, they are not mutually exclusive. It is unlikely that the motor timing deficits associated with cerebellar damage that were noted in this study and by others 18, 46 are the result of altered motor control. Two factors account for this statement. First, we used the contralateral arm for task practice. Second, improvements in tracking accuracy with acquisition practice demonstrate spared motor execution L. A. Boyd and C. J. Winstein ability and the capacity for skillful movement. Taken together with the existing data, our results indicate a role for the cerebellum in optimizing the timing of predictable, implicitly learned motor skills. Furthermore, it is likely that this function is not lateralized; cerebellar output may affect the formation of temporal strategies for movement in both upper extremities.
IMPLICATIONS
These data suggest a role for the cerebellum and perhaps more specifically the dentate in the development of internal models for predicting timed relationships during implicit motor sequence learning. Our data corroborate other work postulating that cerebellar function relates to optimizing timed movements, 47, 13 perhaps by monitoring and integrating sensory information into motor plans. 23, 34, 35 Extending our understanding of the cerebellar role in implicit motor learning, we demonstrated that sequencing motor output in time, perhaps via the formation of an internal model, may be one way that the cerebellum contributes to implicit motor learning. Our finding of motor timing deficits in the contralesional upper extremity suggests that clinicians and neuroscientists alike should consider functional deficits in both upper extremities after cerebellar stroke.
